ABSTRACT This paper studies the problem of spatial path-following control of underactuated autonomous underwater vehicles (AUVs) with multiple uncertainties and input saturation taken into account. Initially, the reduced-order extended state observes (ESOs) are introduced to estimate and compensate all lumped uncertainties due to the model parameters perturbations, unmodeled dynamics, environmental disturbances, and nonlinear hydrodynamic damping terms. Furthermore, the spatial path-following control strategy is established by combining with backstepping, integral sliding mode control, and estimator to cope with the position, attitude, and linear velocity tracking of the AUV. Specifically, the dynamic surface control (DSC) technique is utilized to achieve satisfactory differential performance and avoid the ''explosion of complexity.'' Additionally, the auxiliary dynamic compensator is presented to analyze the effect of input saturation, and the states of the auxiliary design system are used to develop the controller. It is easily proved that the proposed control scheme can guarantee that all signals of the closed-loop system are globally stable through the Lyapunov theorem, with the tracking errors converging to an arbitrarily small neighborhood of zero. Finally, the numerical simulation results are carried out to illustrate the effectiveness of the proposed controller.
I. INTRODUCTION
The path-following problem of autonomous underwater vehicle (AUV), part of everyday operations at sea from ocean investigation and environmental surveillance to more hazardous industrial activities, has attracted significant attention of researchers in recent years [1] - [4] . The path-following is a typical control problem, which deals with design of control laws that drive vehicle to reach and follow prescribed path without time constraints [5] . To perform underwater tasks perfectly, it is critical to design an efficient and robust motion control system to perform precise path and attitude tracking that forces the AUV cruise on a prescribed path with pre-defined attitudes [6] . However, performing precise motion control of an AUV is a formidable task due to the complex model parameters perturbations, unknown external
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Since path-following problem for underactuated AUV which usually move in three-dimensional space with 6 degree of freedom and it involves coupled dynamics between its planar and diving motions is very challenging, considering the complex model nonlinearities, unknown parameter uncertainties, ocean currents-induced disturbances, and actuator saturations. Many scholars began to pay attention to this aspect of research in recent decades. In [7] , a nonlinear path-following strategy was proposed for underactuated AUV using Lyapunov theory and the backstepping techniques. The controller overcame strict initial condition constraints, and yielded convergence of the path-following error to zero. In [8] , a spatial target path-following controller based on Lyapunov theory and backstepping technique was proposed. However, external disturbances and parameter uncertainties were not considered thus limiting its practical application.
A compound controller for the spatial curvilinear path following of the underactuated AUV, based on back-stepping technique and ADRC method, is proposed to enhance the robustness against estimate the lumped disturbance composed of internal model parameter perturbations, external environmental disturbances, non-negligible nonlinear hydrodynamic damping terms, and measurement noises in [9] . An output-feedback path following controller was designed for AUV moving in vertical plane based on an extended state observer (ESO) and projection neural networks, where an ESO is developed to recover the unmeasured velocities as well as to estimate total uncertainty induced by internal model uncertainty and external disturbance in [10] . Reference [6] proposes an improved line-of-sight based adaptive trajectory tracking controller for an underactuated AUV subjects to ocean currents and input saturation. However, all of the above aforementioned control schemes at least suffer from one of the following shortcomings: (i) input saturation was not taken into account in the control design; (ii) previous research works on the tracking control of underactuated AUV has been done for their planar motion which are not useful for three-dimensional motions; (iii) the third problem is related to the inherent explosion of complexity in the standard backstepping design. However, our research show that studies the problem of spatial path-following control of underactuated autonomous underwater vehicles (AUVs) with multiple uncertainties and input saturation taken into account.
The objective of this work is to obtain a simpler controller structure and ensure the correct tracking control when the vehicle is under multiple uncertainties and input saturation in three-dimensional space. Towards this end, the pathfollowing error dynamics in Serret-Frenet coordinate frame is set up firstly. Secondly, multiple uncertainties are treated as lumped uncertainties which can be estimated and compensated by reduced-order ESOs. Furthermore, the backstepping integral sliding mode control laws are established by combining with the estimator to cope with the AUV's attitude tracking control and velocity tracing control problem. Moreover, the auxiliary dynamic compensators are incorporated into the control laws in order to prevent the actuators from the saturation, which improves the transient performance for large initial tracking errors in path-following problem. By Lyapunov stability theory, all the error signals in the closed-loop system are proved uniformly ultimately bounded.Simulations verify the theoretical analysis.
The organization of this paper is as follows. Section 2 presents system model of underactuated AUV and formulates the problem of the path-following control of underactuated AUV. The proposed control schemes using the backstepping integral sliding mode concepts is presented, and by resulting closed loop system, our main results are established in Section 3. Section 4 provides simulation studies in order to investigate the robustness of the derived control schemes under bounded disturbances. Section 5 highlights the conclusions of this work.
II. PROBLEM FORMULATION
In this section, the kinematic and dynamic models of an underactuated AUV with five degrees of freedom in threedimensional space are presented. The AUV considered in this paper is assumed to be neutrally buoyant. The path-following problem is described in Fig.1 , where {I }, {B} and {F} represent the earth-fixed frame, the bodyfixed frame, and the Serret-Frenet frame, respectively. Q denotes the center of mass of the vehicle, which is chosen to coincide with the origin Q B of {B}.
A. MODEL OF UNDERACTUATED AUV
To study an underactuated AUV moving in the threedimensional space, the kinematic and dynamic models can be described by the motion components in surge, sway, heave, pitch and yaw degrees of freedom. The influence of the roll and roll angular velocity is ignored. The five DOF kinematic equations for an AUV can be written as:
where (x, y, z, θ, ψ) is the position and orientation of the AUV with respect to the earth-fixed inertial frame {I }; (u, v, w, r, q) denotes the linear velocities (surge, sway and heave) and the angular rate (pitch and yaw) in the bodyfixed frame, respectively. Considering the side-slip angle β = arctan(v/ √ u 2 + v 2 ) and the attack angle α = arctan(w/u), the kinematic equations for an AUV can be rewritten as in frame {I }.
where θ W = θ + α and ψ W = ψ + β are the actual pitch angle and yaw angle of the vehicle, U = √ u 2 + v 2 + w 2 is the total velocity expressed in the flow frame {W }. The flow frame {W } is obtained from body-fixed frame {B} by rotating it around the Z B -axis and the Y B -axis through an VOLUME 7, 2019 angle β and α in the positive direction, respectively, and the direction of the total velocity U is aligned with X W -axis.
Neglecting the motions in roll directions and considering the internal parameters perturbations, unmodeled dynamics and external environmental disturbances, the five DOF dynamic model of AUV can be simplified as: [11] . Therefore, the control inputs of the AUV discussed here should be bounded, viz.
where τ 0i is the control command without considering input saturation sat(τ i ) denotes the saturation. τ i max and τ i min are known constants.
It is obvious that the AUV discussed in this paper is a second-order underactuated system, since there exist three independent actuators but five degrees of freedom of motion.
Remark 1: Equations (3) include the models of wind, waves, and ocean currents, where τ uex , τ vex , τ wex , τ qex and τ rex represent the superposition of wind, waves, and ocean currents.
Assumption 1: The velocities of AUV in sway direction and in heave direction are passive bounded in the sense that sup Assumption 2: Each component of the lumped uncertainties is bounded by
B. PATH-FOLLOWING. ERROR COORDINATES
Based on the previous study [7] , we know that a simple pathfollowing controller should compute (i) the distance between the vehicle's center of mass Q and the closest point P on the path, and (ii) the angle between the vehicle's total velocity vector U and the tangent to the path at P, and reduce both to zero.
In Fig.1 , P is an arbitrary point on the path to be followed. Let s be the curvilinear abscissa of P along the path. The path curvature and torsion are denoted by c c (s) and c t (s), respectively. We also define course angles of the path as
T . The velocity of P in {I } can be expressed as dq dt I = dp dt
where ε = ( x e y e z e ) is the vector from P to Q. R =   cos θ e cos ψ e − sin ψ e sin θ e cos ψ e cos θ e sin ψ e cos ψ e sin θ e sin ψ e − sin θ e 0 cos θ e   is the rotation matrix
T is the velocity of Q in {I }. Multiplying the above equation on the left by R gives the velocity of Q in {I } expressed in {F} as
where dp dt F (6) θ e and ψ e denote pitch angle error and yaw angle error, respectively.
Finally, the path-following error dynamics model in the Serret-Frenet frame can be described as:
The control objective of this paper is to design a controller for an AUV, whose kinematics can be described by (1) and (3), such that starting from any location, the AUV converges to and follows a given geometric path in the presence of an time-varying sideslip angle, multiple uncertainties and input saturation. With the above notation, the design objective can be formalized as
where ε is a small positive constant and desired bound between the controlled output and its reference command.
III. PATH-FOLLOWING CONTROLLER DESIGN A. REDUCED-ORDER ESOs
Compared with the traditional ESO, the reduced-order ESO yields faster response with the same bandwidth as that in [12] . Reduced-order ESOs are derived to estimate the lumped uncertainties in dynamic equation (9) by treating it as an unknown parameter. Based on the proposed procedure for design of reduced-order ESO [13] , three reduced-order ESOs are proposed as follows: . However, the observer gains cannot be too large. The increase in gains is subject to noise effects. Ultimately, this approach is a reasonable compromise based on estimation quality and the noise effect, see [14] .
B. DESIGN OF THE KINEMATIC CONTROLLER 1) THE LOS GUIDANCE LAW DESIGN
Line-of-sight(LOS) is a popular heading guidance method applied in the marine vehicle systems. The main idea of LOS guidance is to mimic the actions of a helmsman, which steer the vehicle towards a look-ahead distance ahead of the projection point of the vehicle along the trajectory. To compensate steer the vehicle towards the desired trajectory, an LOS guidance law is employed as:
where z = 2 y + y 2 e , y is a positive constant.
where θ d and ψ d are the desired heading angle and the desired pitch angle.
2) THE VIRTUAL TARGET MOVEMENT CONTROL LAW DESIGN
As proposed in [7] , the path is parameterized by a path variable with a globally defined update law. Thus, we can use the update law of the path variable as an extra degree of freedom in the controller design, In particular, the virtual target movement control law which can stabilize x e is designed as:
where, k s is an adjustable gain parameter.
3) KINEMATIC CONTROL LAW DESIGN
Considering the CLF 2 , in order to makeV 1 negative, we choose
where, k θ and k ψ are the designed positive control gains. Thus,
≤ 0. To achieve kinematic control, the pitch angular velocity q and the yaw angular velocity r are chosen as the virtual control input. By resorting to (14) in (1), the desired pitch speed q d and yaw speed r d are set as:
The desired virtual control (13) guarantee the convergence of θ −θ d and ψ −ψ d . To achieve high-quality tracking response and satisfactory differential performance from virtual desired control commands, let r d and q d pass through a first order low-pass filter to obtain its derivativeṙ d andq d . The low-pass filter can be employed as following on the basis of dynamic surface control:
where T is positive constant, c 1 is the output of the low-pass filter.
Remark 2:
The dynamic surface control method overcomes the ''explosion of complexity'' problem of typically found in backstepping methodology. The first order low pass filters overcome the repeated differentiation of the virtual controllers.
To avoid set-point jump, [15] construct a nonlinear tracking differentiator which can arrange the excessive process of the surge velocity of the vehicle. The tracking differentiator is provided as following
where u de is input signal to be differentiated, υ 1 is the fastest tracking of u de , υ 2 is the derivative of υ 1 which subject to the acceleration limit of the parameter R. 2 ),thus, cos θ e > 0. According to the right hand rule of coordinate rotation, there exist y e sin ψ e ≤ 0 and z e sin θ ≥ 0, thusV 2 ≤ 0. More detailed discussion can be found in [16] .
C. DESIGN OF THE DYNAMIC CONTROLLER
In this section, the dynamic controllers are designed. To stabilize the velocity errors, three first-order sliding surfaces are chosen by the following equation: (17) where
The time derivatives of the sliding variable S i (i = u, q, r) are expressed:
The equivalent control laws τ Ieq (I = u, q, r), which can generates a continuous control signal that directs the system towards the equilibrium, is a solution to the above equation, whereṠ I = 0(I = u, q, r). (12). The reaching control law, which is imposed to provide a discontinuous control signal that changes between two states (turning left or right for instance) and forces the system to glide along the sliding surface, is given by the form:
where 0
The switching control laws also provide robustness against the disturbances and parameter uncertainties. The control laws τ I (I = u, q, r) are selected as follows:
where τ I 0 (I = u, q, r) are the upper bound of the actuator.
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To eliminate the influence of input saturation caused by physical actuators, we employ anti-windup compensators ( [11] , [17] and [18] ) as:
where In fact, the defined anti-windup compensators are an auxiliary design system used to reduce effects of the input saturation. Only when τ u = 0, the compensators are activated to compensate the input error.
Due to the existence of actuator saturation, the actual control input can be expressed as
Theorem 1: Consider an AUV system (2), (3) with sliding mode surface (17), closed-loop signals can be driven onto the sliding surface and errors converge to a specified compact set around the origin with the control law (22) and anti-windup compensator (21).
Proof: Considering the input saturation, the new equivalent attitude tracking model is expressed as follows.
The definitions of tracking error and sliding mode surface are the same with (17) . Differentiating (17) and utilizing (23) yields
Consider the following Lyapunov function candidate:
Taking the time derivative of V 1
Substituting (22) into (26) yieldṡ
There exist following facts,
Substituting (65)- (67) into (64), one can obtaiṅ
V 3 ≤ 0 can be obtained from (28) with appropriate parame- holds, The design parameters are chosen to satisfy the condi-
Remark 4: It is worth mentioning that the values of design parameters affect the control performance. The inaccurate values of design parameters may result in severe chattering phenomenon and unstable closed-loop system, what' more, even if there exist only one inaccurate parameter in the control system, the control performance could be effected seriously. The provided stability analysis and some selection rules of design parameters ensures that the closed-loop signals can be driven onto the sliding surface and errors converge to a specified compact set around the origin.
IV. SIMULATION RESULTS
This section presents the simulation results to validate the effectiveness and robustness of the proposed control strategies. The motion equations of underwater vehicles are provided for this simulation by referring to [19] , which is assumed that the vehicle is equipped with propellers to generate force and moments in the surge, pitch and yaw directions. The other unmodeled dynamics and the nonlinear hydrodynamic parameters are assumed to be u = 0.01, v = 1, w = 1, q = 0.01 and r = 0.01. In this paper, the bounds of control inputs τ i (i = u, r, q) are set as τ u max = 700, τ u min = 0, τ q max = 100, τ q min = −100, τ r max = 100, τ r min = −100.
The control parameters are chosen to be
For comparison purpose, three different controllers are utilized to control the attitude of the AUV in the simulation, viz. backstepping control, sliding mode control (SMC), and the proposed backstepping integral sliding mode control method.
The desired reference path is as follows: decrease to the vicinity of zero while the surge speed u converges to u d = 1m/s within a short time. Also, the vehicle surge velocity u with the proposed backstepping integral sliding mode control method show a better performance. Based on the controller, the precision of path-following is improved and the redundancy of AUV is shorten.
The chattering behavior of the hybrid robust controller is observed in Figs.5.The control force and moments of AUV are shown in Fig.6 . It can be observed that the proposed controllers (22) can solve the problem of actuator saturation. Control force and moments which are bounded in actual ranges are relatively stable.
In addition, the estimated performance of the reduced order LESOs are shown in Fig.7 . The disturbances in our simulation have been large enough and the simulation result shows that the reduced-order LESOs,are effective to provide fast and accurate estimates of for the lumped disturbances (D u , D v , D w , D q and D r ) during path-following. Furthermore, the effectiveness of the proposed control method in this paper is verified. From above simulation results, the control method can well realize spatial path-following ofAUV with multiple uncertainties and input saturation.
V. CONCLUSION
In this work, spatial path-following for underactuated AUV in the presence of multiple uncertainties and input saturation have been considered. The vehicle is steered using a lineof-sight like guidance law where the look-ahead distance depends on the path-following errors. The lumped unknown multiple uncertainties are estimated on-line and compensated by reduced-order LESOs. The dynamic surface control method is selected to address the problem of computational complexity inherent in the traditional back-stepping method and to simplify the overall controller. The proposed backstepping sling mode controller employs dynamic surface control to improve the tracking performance and converging rate, and introduces an anti-windup compensator to deal with the actuator saturation. It has been proved that the tracking errors of the closed-loop system are globally asymptotically stable and locally exponentially stable. The simulation results validate the effectiveness and robustness of the proposed controller.
